Until about 20 years ago, the well-established gammarid amphipod Gammarus roeselii, originating from the Balkan Peninsula, was widespread and often the dominant amphipod species in rivers, canals, and big lakes of Germany and adjacent countries. Since 1989 Dikerogammarus villosus, a Ponto-Caspian pontogammarid, has successfully invaded the aquatic systems of mid and western Europe reducing and even eliminating native and earlier established gammarideans including G. roeselii. Field observations and laboratory experiments indicate that these two gammaridean species have different feeding habits. In our SEM study we wanted to test the hypothesis that different modes of food acquisition are expressed in differences in the morphology of the mouthparts and other structures involved in feeding, such as the antennae and gnathopods, possibly are indicative of the success of D. villosus over G. roeselii. Although both gammarideans have tools for omnivorous feeding, comparisons indeed revealed obvious differences in appendages involved in food acquisition. In G. roeselii, the molar surfaces of the mandibles are structured like rasps, suggesting they are well suited for grinding firm plant material, whereas those of D. villosus are only weakly structured. In G. roeselii, the basipodal endites of the maxillulae are armed with chisel-like cuspidate setae, and the maxillipeds bear flattened cuspidate setae, possibly a specialization of these mouthparts for scraping off adherent food from the substrate. We did not find such modifications on the maxillulae and maxillipeds of D. villosus. Compared to D. villosus, the setation of the antennae and the gnathopods in G. roeselii is sparse and short. Therefore, filter feeding, one of the feeding modes of D. villosus, seems to play a minor role in the nutrition of G. roeselii.
INTRODUCTION
Gammarus roeselii Gervais, 1835 (Gammaridae; Fig. 1A ), inhabiting rivers and lakes in central Europe, is often considered as a native species. Accurately, however, G. roeselii is a non-indigenous species in this region because it originates from the Balkan area. It is supposed that this species migrated upstream the Danube (''Donau'' in German) and could reach the Rhine system via the Ludwigskanal (also named Ludwig-Donau-Main-Kanal). This canal was completed in 1845 and connected the rivers Danube and Main between Kehlheim and Bamberg, so there was a navigable connection from the Rhine mouth near Rotterdam to the mouth of the Danube into the Black Sea. Although the canal lost its importance very soon due to growing ship sizes and draught, G. roeselii could migrate through it and spread westward into the larger rivers of France, Belgium, and the Netherlands, and eastward through other German canal and river systems into the rivers of Poland (Karaman and Pinkster, 1977; Jazdzewski and Roux, 1988) . Because Gervais (1835) had described the species from the vicinity of Paris, it must have entered France even earlier, possibly introduced together with aquatic plants (Jazdzewski, 1980) . In France, the distribution of G. roeselii was restricted to the rivers of the northeastern part of the country until 1958 (Pacaud, 1952; Wautier and Roux, 1959) . From there it spread out southward along the Rhone and its tributaries (Roux, 1969) . Even today the species is still increasing its area of distribution (Bollache et al., 2006) . The present distribution includes the entire southern, central, and western continental Europe, excluding the Apennine and Iberian peninsulas. G. roeselii inhabits canals and the potamal of rivers with slow water currents, and lakes and prefers warm water with low daily and seasonal temperature changes (Karaman and Pinkster, 1977; Schwedhelm, 1982; Jazdzewski and Roux, 1988) . Accordingly, this gammarid is not a native European species, but, as Grabowski et al. (2007b) stated, one that is ''well established but not invasive''.
In contrast to G. roeselii, the Ponto-Caspian species Dikerogammarus villosus Sowinsky, 1894 (Pontogammaridae; Fig. 1B ) is a very invasive, non-indigenous species of aquatic ecosystems in Europe. Originally distributed in the tributaries of the Black Sea and the Caspian Sea, D. villosus reached the Austrian part of the Danube in 1989 -with this very recently -presumably with the aid of ships (ballast water tanks or on the external hull). Three years later, the species was recorded in Germany, first near Straubing and Regensburg (Nesemann et al., 1995) . With completion of the Main-Donau Canal in 1992, the Danube system again became continuously navigable with the Rhine system, and in 1994 D. villosus was recorded from there (Bij de Vaate and Klink, 1995) . Subsequently, it spread westward into the larger rivers of France, Belgium, and the Netherlands, and eastward via the Mittelland Canal and the Havel-Spree system further into the rivers Weser, Elbe, and Oder (Grabow et al., 1998; Devin et al., 2001; Müller et al., 2001; Bij de Vaate et al., 2002 , Nehring, 2003 Bollache et al., 2004) . In addition to this southern migration corridor, D. villosus reached the Polish river Bug along a central migration corridor from the east via the Pipet-Bug connection (Grabowski et al., 2007b) , and in 2007 the species was found in the Vistula River for the first time (Bacela et al., 2008) . In 2002, D. villosus was seen for the first time in Lake Constance near the city of Constance, Germany (Mürle et al., 2004; Rey et al., 2005) . In Switzerland, it was found in Lake Geneva [2002] , Lake Bienne [2005] , and Lake Zurich [2006] (Bollache, 2004; Lods-Crozet and Reymond, 2006) , and in 2003 it was found in Lake Garda, Italy (Casellato et al., 2006) .
Dikerogammarus villosus not only spreads fast, but also, as indicated by field surveys and laboratory experiments, has a severe ecological impact on native and earlier established macro-invertebrates. Occurring at high population densities, it is able to suppress and even eliminate native and earlier established gammarids. Known affected species are: Echinogammarus ischnus Stebbing, 1899, Gammarus duebeni Liljeborg, 1852, G. fossarum Koch in Panzer, 1835 , G. pulex (Linnaeus, 1758 , G. tigrinus Sexton, 1939, and G. roeselii. Moreover, D. villosus also preys effectively on numerous other macro-invertebrates, attacking even animals larger than itself (Dick and Platvoet, 2000; Dick et al., 2002; Kinzler and Maier, 2003; Kley and Maier, 2003, 2005; Krisp and Maier, 2005; MacNeil and Platvoet, 2005; Van Riel et al., 2006a) . Investigations of stable isotope values indicate that D. villosus has a higher predatory level in the Rhine food web, compared to other amphipod species inhabiting this river (Van Riel et al., 2006b) . Furthermore, it is also reported that this invasive species feeds on eggs and juveniles of fish (Casellato et al., 2007) .
All field surveys and laboratory experiments mentioned above imply that D. villosus should be more specialized to carnivory than its relatives. Our first detailed SEM study of the mouthparts of D. villous (Mayer et al., 2008) revealed, however, no specialization to this mode of food acquisition but indicated utilization of a wide array of food sources.
Besides feeding on live animals, this species should be able to collect detritus and dead bodies of small animals and to filter out suspended organic particles and algae. Here, we describe the mouthpart morphology of G. roeselii in the same way as we have done for D. villosus (Mayer et al., 2008) to compare both species in a standardized way. With this, our aim is to contribute further to a better understanding of the success of D. villosus over established gammarids, such as G. roeselii. We hypothesize that mouthpart morphology provides a suitable and easily accessible signal that permits conclusions to be drawn with regard to the type of food the different species may be able to consume. It is planned to extend this work to additional native and non-indigenous gammarid species inhabiting German inland waters.
MATERIAL AND METHODS
The specimens were collected between 2005 and 2006. Gammarus roeselii was obtained from the banks of the river Danube near Ulm. The sampling sites for Dikerogammarus villosus were the banks of the Danube near Regensburg and Deggendorf, the banks of the Main-Danube Canal near Hilpoltstein, and the banks of the littoral zone of Lake Constance near Langenargen (eastern shore) and Constance (western shore). For live observations, some specimens were kept in a container of 65 3 90 3 15 cm in water from the Danube near Ulm, cooled to a nearly constant temperature of 188C with an Aqua Medic Titan 150 aquarium chiller. For identification of species, the taxonomic key of Eggers and Martens (2001; was used. For SEM studies, approximately 30 adult males of each species (length: 14-18 mm) -known to be more aggressive than females -were fixed and stored in 7% formaldehyde or in 70% ethanol. Prior to dissection, debris was removed from the specimen using an ultrasonic cleaner. The mouthparts were dehydrated in an alcohol series, critical-point dried, and sputter-coated with a gold-palladium mixture for SEM work. For further details see Mayer et al., 2008. 
RESULTS
We describe the different parts of the mouthparts of Gammarus roeselii in progressive order from the labrum backwards to the maxillipeds, giving short descriptions also of the antennae and the gnathopods, and then we compare these structures with those in Dikerogammarus villosus.
Labrum
The labrum (Figs. 2B, 3A) is an unpaired extension anterior to the mouth opening, partly encircled by the proximal parts of the palps and the coxae of the mandibles. The gently ago, antennal gland opening; ant, antenna; atl, antennula; eso, esophagus; gnp1, gnathopod 1 (¼ pereiopd 1 ¼ thoracopod 2); gnp2, gnathopod 2 (¼ pereiopd 2 ¼ thoracopod 3); ip, incisor process; lbr, labrum; max, maxilla; md cox, mandibular coxa; md plp, mandibular palp; mxl, maxillula; mxl plp, maxillular palp; mxp, maxilliped (¼ thoracopod 1); sto, stomach; thp4, thoracopod 4 (¼ pereiopd 3).
curved distal margin of the labrum is slightly produced disto-posteriorly. Margin and hump are densely covered by fine simple setae, which become sparser toward the sides. The posterior side of the labrum borders a space from the anterior, together with the paragnaths from the posterior, in which the mandibular coxal gnathobases operate.
Mandibles
The mandibles (Fig. 3) consist of a massive coxa and a tripartite palp arising from it. The coxa is medially produced into a medially oriented gnathobase. Its median edge comprises the proximal molar process (¼ pars molaris), a setal row, a lacinia mobilis, and a distal incisor process Fig. 3 . SEM images of the mandibles of Gammarus roeselii. A, ventral view of head region with mandibles and paragnaths (maxillipeds, maxillae and maxillulae removed); B, left mandible in medial view; C, coxa with gnathobasal edge of left mandible in anterio-medial view; D, coxa with gnathobasal edge of right mandible in anterio-medial view; E, molar process of left mandible in medial view; F, molar process of right mandible in medial view. Abbreviations other than in previous figures: 1, 2, 3, parts of mandibular palp (1 ¼ basipod; 2 þ 3 ¼ endopod); cox, coxa; gbs, gnathobasic seta lm, lacinia mobilis; mus, musculature; mp, molar process; pgn, paragnaths; sr, setal row.
(¼ pars incisiva) (Fig. 3B-D) . In the upright position of the mandible, the palp points anteriorly, while the gnathobasal margin is oriented vertically ¼ perpendicular to the ventral body surface (Fig. 3A) . Accordingly, the pars molaris is closest to the body and the most posterior tooth of the pars incisiva most distal.
The molar of the left mandible ( Fig. 3C , E) is deltoid, with the broader side proximal and the maximum width in the first third. The molar surface is concave, with parallel rows of fine, possibly agglutinated, hair-like structures and a surrounding rim of fine, spine-like to more spatulate outgrowths, differing on anterior and posterior sides (Fig. 3E) . Toward the distal (posterior) edge of the molar, the margins converge more sharply than proximally (anteriorly). Between molar and incisor the gnathobasal edge first narrows and then widens, progressively. On the first part a leaf-like structure arises, possibly a specialized seta, which on the SEMs is slightly enrolled and filled with finer short hair-like outgrowths within the concavity (Fig. 3E ). Details and function of this structure are unclear. The widening part is occupied by a series of different setae.
On the left mandible, the setal row between the molar and the lacinia mobilis can be distinguished into a proximal and a distal parts, both carrying medio-proximally directed setae. On the proximal part of this setal row, the setae are pappose with very fine setulae, whereas more distally the setae, arranged in two rows, are lanceolate and flattened in abaxial aspect and flexible at their bases; therefore, they can be bent towards the molar (mouthwards). On their distal halves these setae are, like the brushes, armed with fine, distally pointing setulae on the side of their shafts and facing the molar (Fig. 3C) .
The molar of the right mandible ( Fig. 3D , F) is more ovoid and much broader distally than the left molar, its surface armature seems rather similar. Similar to the left, in the right gnathobasal edge, there is a leaf-like putative seta ( Fig. 3F ) and a setal row consisting of a proximal (anterior) set of pappose setae and a distal set of setae that are arranged in two rows. Those of the anterior row are becoming much more robust with broader bases towards the lacinia mobilis as on the left gnathic edge. In contrast, those of the posterior row are pappose setae with shafts round in diameter. (Fig. 3D ).
Right and left laciniae are different in several aspects: 1) size: the left lacinia mobilis is more prominent than the right one and similar in shape to the left incisor; 2) the articulation of the laciniae:
-the right lacinia has a well developed joint on the anterior side and laterally, i.e., between lacinia and setae and lacinia and pars incisivus; posteriorly the lacinia has a) no joint and b) is rather broad proximally and smoothly merges into the gnathobase; likewise this lacinia cannot be moved easily but any movement would deform the posterior side, which most likely a) hinders flexure but b) facilitates the back swing of the lacinia into an upright position; -the left lacinia has a well-developed joint around the entire base; the joint area is spindle-shaped having rather pointed anterior and posterior ends (new orientation); likewise this lacinia appears rather mobile;
3) the distal end of the laciniae: four toothed and slightly flattened in the left lacinia and bi-forked with each end terminating in three to four sharp spines in the right one; 4) a small process, termed the 'articular condyle' by Richter et al. (2002) , proximally at the posterior side only of the left lacinia (the mobile one), which stands off from the lacinia like the foot of an L and extends from the joint posteriorly; at its base the incisor slope facing the lacinia is excavated, and the 'articular condyle' fits into this excavation in the upright position of the lacinia.
Also the incisors differ between the right and left mandibles but only slightly. The right incisor is armed with four teeth and fits well into the gap between the five-toothed left incisor and the left lacinia mobilis when the two mandibles approach each other. In life position, the three-partite mandibular palps are directed anteriorly, being arranged between the second antennae in resting position (Fig. 2B) . The proximal part of the palp, the basipod, is its shortest article and the second article is its longest. The distal article is provided with a row of serrate setae at its straight posterior margin (Fig. 3B ).
Paragnaths
The paragnaths (Figs. 3A, 6E, F) are a pair of lobe-like, medially fused extensions on the sternum of the mandibular segment that form the posterior border of the atrium oris. Together with the labrum, the paragnaths build a basin in which the mandibles operate (Fig. 3A) . In live animals, the paragnathal lobes cover the mandibular molar processes completely. The paragnathal lobes are asymmetric, the left lobe being slightly longer and wider than the right. They are distally rounded and as long as the base of the paragnaths. A dense field of medially directed, hair-like setae surround the median emargination (Fig. 6E, F) . Posteriorly, the paragnaths are drawn out into a proximo-laterally pointing lappet on each side (Fig. 6E ).
Maxillulae
The maxillulae (Fig. 4) are, as a whole, fairly flat in posterior aspect and concave in anterior aspect to fit around the paragnaths and mandibles in the resting position. The maxillulae are subdivided into coxa, basis, and endopod. The coxa is elongated medio-distally into a deltoid endite (¼ ''inner plate''), which stems from a narrow base. The slightly curved medial edges of the inner plates are furnished with long medio-distally directed pappose setae. These setae together with those of the opposing maxillula build a dense net at the proximal part of the maxillulae. Anterior and posterior surfaces of the inner plates are sparsely covered with hair-like setae (Fig. 4B, F) .
The basis inserts deeply in a coxal excavation (Fig. 4A ). The basis is elongated into a medio-distally directed and flattened endite, the so-called ''outer plate''. The mediodistal margin of the outer plate is armed with 10-12 very robust, cuspidate setae in two rows, which are pointing medio-distally. Of these, the 4 to 5 most distal setae are medially bent, distally flattened, and broadened like chisels with irregularly toothed edges (Fig. 4C, D) . The rest of the setae of this setal group bear up to 10 secondary spines medio-distally, making the setae appear like combs. The outer plate is smooth apart form the antero-median surface, which is, as the anterior surface of the inner plate, covered with hair-like setae (Fig. 4E) . The two-partite endopod (also named ''palp'', therefore, not homologous to that of the mandible) stems distally from the basipod. The endopod consists of a short rod-shaped proximal portion and an about four times as long medially bent spatulate distal portion (Fig. 4E) . The distal portions of the endopods of the right and left maxillulae are asymmetric. That of the right endopod is broader than that of the left. It bears a row of six flattened triangular tooth-like cuspidate setae at the distal margin and two additional robust cylindrical setae situated slightly posteriorly behind this row. The distal portion of the left endopod is provided at the same place with a row of six robust cylindrical setae and postero-distally flanked by four rather slender setae. (Fig. 4C) . 
Maxillae
Interpretation of the different parts of the maxillae (Fig. 5) is difficult due to their weak sclerotization and, likewise, weakly developed articulations. The small coxal elements of the maxillae stem from a sternal elevation and do not bear any enditic extensions or setae. The next portion, the basis, is elongated into a medio-distally pointing plate-like endite, the so-called ''inner plate''. The insertion area of the inner plate on the basis is a wide oval. The inner plate has the shape of a cleaver with a straight median edge, a rounded distal end and a slightly curved lateral edge (Fig. 5B) . The basis is terminally drawn out into another large extension, the ''outer plate''. The outer plate is bigger than the inner plate, with only slightly curved medial and lateral edges and a blunt rounded distal end. The outer plate distally covers the inner plate posteriorly, i.e., the inner plate being extended around the medial edge of the outer plate so that the blade-like distal part is partly covered by the outer plate in posterior aspect (Fig. 5A) . Both plates are slightly concave in ventral aspect and convex in posterior aspect and pointing anteriorly in resting position. The surfaces of the maxillae are largely smooth, with setae only at their margins, appearing in groups of short hair-like setae. The medial edges of the inner plates are armed with three rows of medio-distally pointing and slightly anteriorly bent plumose setae, which are forming a dense net. The anterior row of setae ends in the distal third of the medial margin of the inner plate, whereas the posterior two rows follow the bluntly rounded distal end of the inner plate, where the setae gradually change from plumose to simple setae, i.e., showing no substructures. The setae of the posterior and anterior rows are straight and equipped with shorter setules only on their distal ends, whereas the setae of the middle row are plumose with long setules along their entire shafts (Fig. 5B, C) . The bluntly rounded distal margin of the outer plate bears two rows of long setae, which are flattened and furnished with small, closely arranged, triangular lobes on their distal third. These setae can reach the palps of the maxillulae in situ (Fig. 5A, D) .
Maxillipeds
In their natural position, the maxillipeds (Fig. 6A-D) are bent anteriorly, covering most of the other mouthparts and the labrum with their concave anterior surfaces. The coxae of the maxillipeds are fused, building a triangular socket for the bases. In anterior aspect, the basis is almost square, extended into a narrow spatulate endite antero-medially, which is about one and a half times longer than the basis itself. There are a few long pappose setae on the medial edge of the endite, and its distal margin is armed with a row of cuspidate setae (Fig. 6B) . However, the basis appears triangular in posterior aspect. The endopod consists of five articles. The ischium, the proximal one of these portions is joined to the slightly curved latero-distal margin of the basis. It is rectangular in anterior and posterior aspect and elongated, comparable to the basipod, into a median endite. This endite is about three times longer than and nearly as wide as the ischium itself and, covers the endite of the basis posteriorly. The medial margins of the endites of the ischia of both maxillipeds are slightly emarginated on their distal halves, leaving a space between each other. On its posterior side, this part of the margin is adorned with medio-distally directed, flattened, and hook-shaped cuspidate setae. This row of setae is flanked by one row and, more proximally, another two rows of short flattened, so band-shaped, setae (Fig. 6C, D) .
The remaining four endopodal articles are forming the palp of the maxilliped (again 'palp' defines a different structure) (Fig. 6A, B) . The trapezoidal merus (endopodal article 2) is about as long as the ischium at its medial margin, but two times longer at its lateral margin. The convex posterior side bears a group of long medio-distally pointing simple setae on the medio-distal margin. The carpus (endopodal article 3) is the longest part of the palp. It is also flattened with a concave anterior side and a convex posterior side. The curved articulation to the merus indicates good inward, but restricted outward, mobility. On the medio-posterior surface of the carpus, there are diagonally running rows of medio-distally pointing simple setae. The length and number of these setae is gradually increasing distally. The propodus (endopodal article 4) is about twothirds as long as the carpus. It is rod-shaped and oval in diameter. A dense row of long simple medio-distally oriented setae is located on the medio-posterior side of the propodus. It starts in the middle of the podomere, curving laterally near the distal margin. The distal half of the anterior side is adorned with three rows of simple setae, aligned at nearly right angle to the axis of the propodus. For the outer membrane of the pivot between carpus and propodus is small, but the membrane is wider medially, a restricted outwardly and an ample inwardly directed movement of the propodus is possible. This is also true for the cone-shaped dactylus, the smallest and distalmost of the portions, which tapers into a slightly medially bent claw-like spine.
Antennae and Gnathopods
The antennae ( Fig. 2A, B) consist of a two-part proximal portion (protopod), which bears the cone-shaped antennal gland opening, and a distal endopodal portion. The endopod is made of two long tubular podomeres and a set of 11-13 tubular to annular articles (¼ ''flagellum''), which become progressively smaller in diameter towards their distal end. Simple setae, arranged in rows, which are oriented transversely to the axis of the antenna, are situated on the entire endopod. These setae are longer on the inner (posteriorly directed) side of the antennae, facing the mouthparts when the antennae are bent ventrally and posteriorly, than on the anterior side. The two pairs of gnathopods (¼ second and third thoracopods) ( Fig. 2A, B) are flexed anteriorly mainly due to the special shape of the ischium, which looks like a short bent tube. Therefore, the distal four of the five endopodal podomeres lie ventrally to the mouthparts, with the propodus and the claw-like dactylus forming opposing subchelae. Medially and anteriorly pointing setae are arranged in groups on the medial and lateral surfaces of the merus and propodus, while their lateral surfaces are smooth. The bases and the two proximal podomeres of the endopods are provided with few very long anteriorly and posteriorly directed setae.
Comparisons with Dikerogammarus villosus
The mouthparts of Dikerogammarus villosus have been described in detail in Mayer et al. (2008) . Direct comparisons with Gammarus roeselii described herein uncover obvious differences between the two species regarding the morphology of the mouthparts and other structures involved in acquisition, handling and processing food. A brief summary of these differences is given in Table 1 . The incisors of the mandibles are relatively longer and less stout and the cutting edges are more sharply developed in G. roeselii (Fig. 3A, C, D) than in D. villosus (Fig. 7A) . Again the molar surfaces of G. roeselii are rasp-like (Fig. 3E, F) , whereas those of D. villosus are only little structured in the form of a carpet of densely spaced distally rounded pillarshaped setae (Fig. 7B) . With regard to the maxillulae, some of the spines of its basipodal endite (¼ outer plate) are modified to scrapers in G. roeselii (Fig. 4C, D) , whereas in D. villosus the basipodal endite of the maxillula is armed with a row of 10-12 stout spines distally, and all of these spines bear up to six finger-shaped secondary spines medio-distally, forming a coarse comb (Fig. 7C, D) . There is another difference in the design of the maxillipeds: In G. roeselii, the endites of the maxillipeds' ischia are slightly recessed at their medial margin, so that there is a gap between the opposing ischia, even when they are moved towards each other. The medial margins of the endites are armed with three rows of setae, with those of the inner row being cuspidate, flattened and hook-shaped (Fig. 6C, D) . In D. villosus the medial margin of these endites is straight and its setae are all flattened distally with no such differentiation of the setae of the inner row (Fig. 7D) . Also the antennae and gnathopods reveal differences: the setation of the antennae and of the propodus of the gnathopods is less dense and shorter in G. roeselii (Fig. 2A, B ) than in D. villosu, with its long and densely set setae on the inner side of the flagellae of the antennae and on the medial sides of the propodus of the gnathopods (Fig. 7E, F) .
DISCUSSION
The traditional generalization that freshwater gammarideans belong to the functional feeding group of shredders had to be reconsidered after it was demonstrated that several of the species have a much wider spectrum of food than just living on decaying macrophytes and leaf litter decomposed by bacteria and fungi (Cummins and Klug, 1979; Gayte and Fontvieille, 1997; MacNeil et al., 1997; Kelly et al., 2002) . For example, Dikerogammarus villosus is known to be able to feed very effectively on a large variety of live macroinvertebrates including other gammarideans but also on detritus and suspended micro-algae (Dick et al., 1990 (Dick et al., , 1993 (Dick et al., , 2002 Dick, 1995; Kinzler and Maier, 2003; Krisp and Maier, 2005; Platvoet et al., 2006) . Also Gammarus pulex, which can be an invasive species in some places, desimates populations of native gammarideans such as Gammarus duebeni through intraguild predation (Dick, 2008) . If there are wide differences in the range of feeding habits and the preferred food between freshwater gammaridean species, it should be, likewise, possible to recognize differences and specializations also in the morphology of the mouthparts and structures involved in the food-gathering and foodintake processes. Such specializations have been described, however, predominantly for marine amphipods. For example, Watling (1993) described the modification of the mandible, especially of the incisor and the molar, as an adaptation to different modes of food acquisition.
For detritus feeding, collecting food like organic particles or carrion of smaller animals, the antennulae and antennae of Gammarus roeselii seem to be well suited. Especially the antennae can be used to move food particles toward the mouth area. The subchelate gnathopods with their setae on their propodi ( Fig. 2A, B ) are used to clean the antennae and to hold bigger food items, so that they can be processed with the maxillipeds and mandibles. Also the maxillipeds with their claw-like dactyli (Fig. 6A-D) can be used to clean the antennae and to hold particles by means of the endopods (Ponyi, 1956; Haley, 1997) .
Like all gammarid amphipods Gammarus roeselii produces a posteriorly directed respiration current by the beating of the pleopods. Ponyi (1956 Ponyi ( , 1961 , Dahl (1977) and Platvoet et al. (2006) described the mechanism of using this water current for filter feeding in detail. The antennae, the gnathopods, and the maxillipeds are involved in this mode of food acquisition. The maxilliped can be bent ventrally into the respiration current so that its long medially directed setae on the palps can be used to filter out suspended particles off the water current and larger particles can directly be caught with the palps of the maxillipeds. Because the setation of the propodus of the gnathopods and on the flagellum of the antennae is sparse and short in G. roeselii, whereas the setae on these structures are densely set and long in D. villosus (Figs. 2B, 7E, F) filter feeding seems to play a minor role in the nutrition of G. roeselii compared to D. villosus.
Amphipods specialized in feeding on animal prey show specific adaptations of their mandibles. The incisors and one of the laciniae mobiles are broadened into a regularly toothed or plain cutting edge, the molars are reduced and their surfaces are only weakly structured. In general, the setae are low in number and small-sized in these amphipods (Dahl, 1979; Sainte-Marie, 1984; Moore and Rainbow, 1989; Coleman, 1989a Coleman, , 1989b Coleman, , 1990 Steele and Steele, 1993; Haro-Garay, 2004) . In Gammarus roeselii, none of these specializations is present. The incisors are small and coarsely toothed and the molars with their rasp-like surfaces are well developed (Fig. 3C-F) . Although the setation of the gnathopods and antennae is sparse and short, this is not the case in other mouthparts. Especially the maxillulae and maxillae are equipped with long and densely set setae on the medial margins of the opposing inner plates, forming two dense nets (Figs. 4B, E, F, 5B, C) . Nevertheless, as demonstrated in laboratory experiments, G. roeselii is also able to prey on specimens of related species and other living prey like chironomid larvae. Yet, it is a less effective predator than Dikerogammarus villosus (Dick and Platvoet, 2000; Dick et al., 2002; Kinzler and Maier, 2003; Krisp and Maier, 2005) . As shown in our earlier paper, D. villosus does also have none of the above mentioned specializations for predatory feeding (Mayer et al., 2008 ) and should therefore not be characterized as carnivorous. This finding is supported by investigations on fatty acid composition (Maazouzi et al., 2007) .
In its natural habitats, the highest density of individuals of G. roeselii can be found between submerged macrophytes, accumulated leaf litter, and submerged parts or washed-out roots of riverine vegetation. Also in laboratory experiments, G. roeselii shows a preference for macrophytes as substratum (Kley et al., submitted) . The reason for the affinity to macrophytes may also be shelter or availability of adherent food, but feeding on macrophytes and fresh leaf litter has been reported too (Pöckl, 1995; own observations) . For feeding on macrophytes and fresh leaves, it is necessary to possess structures for biting off pieces of plant material and for grinding it prior to ingestion. The mandibles of G. roeselii seem to be well suited for this kind of feeding. The two incisors and the left lacinia mobilis are sharp enough for cutting off pieces of macrophytes or leaf litter (Fig. 3C, D) . The molars are well developed and triturative with their surfaces structured like rasps (Fig. 3E, F) . Such a tool is dedicated for grinding plant material. This kind of specializations of the mandibles, especially the rasp-like surfaces of the molars, can be found in amphipods specialized to feed on macrophytes like Hyale rupicola Haswell, 1879 (Gammaridea: Hyalidae) (McGrouther, 1983) or Gammarus pulex, a gammarid feeding also on decaying leaf material and fresh stonewort of the taxon Nitella (Charales) (Agrawal, 1965; Willoughby, 1983) . Although mandibles of D. villosus may be suitable for cutting off pieces from macrophytes, rasp-like structures on the molars suitable for Fig. 7 . SEM images of mouthparts, antenna and gnathopod of Dikerogammarus villosus. A, mandibles in situ seen from posterior (paragnaths, maxillulae, maxillae and maxillipeds removed); B, molar process of right mandible seen from medial; C, distal setation on the outer plate of the right maxillula in posterior aspect; D, distal parts of maxillipeds and maxillulae in situ, seen from ventral; E, right Antenna shown from medial; F, right 2nd Gnathopod shown from medial. Numbers refer to podomeres of the gnathopod: 1, ischium; 2, merus; 3, carpus; 4, propodus; 5, dactylus.
grinding plant material are not present. So it is likely that fresh plant material plays a minor role in the nutrition of D. villosus compared to G. roeselii. In aquatic animals specialized in feeding on adherent food like algae, fungi, and sessile animals, parts of the mouthparts are modified as tools for removing the food from the substratum like brushes, rakes, gouges, excavators, or rasps (Arens, 1989 (Arens, , 1994 . Also for several amphipods this kind of feeding has been described. Here, modified maxillipeds and maxillulae are used for scraping (Caine, 1974; McGrouther, 1983; Coleman, 1991; Haley, 1997) . In G. roeselii, the distally flattened, so chisel-like cuspidate setae on the distal edges of the basipodal endites (¼ outer plates) of the maxillulae seem to be well suited for scraping off algae, fungi and other adherent food from the substratum or decaying plant material (Fig. 4C, D) . In addition, the endites of the maxillipeds' ischia are slightly recessed on their medial margin, so that there is a gap between the opposing ischia even when they are moved towards each other (Fig. 6C ). This may facilitate the scraping action of the maxillulae. Furthermore, the medial margin of the endites of the maxillipeds' ischia are armed with three rows of setae, with those of the inner row being cuspidate, flattened and hook-shaped (Fig. 6D ). These setae may be a further tool for removing adherent food, when the endites of the ischia are moved toward each other while an object is held to the mouth by means of the gnathopods as described for Gammarus minus Say, 1818 by Haley (1997) . These differentiations, in particular the rasp-like surfaces of the mandibles' molars, the chisel-like setae on the outer plate of the maxillulae and the shape and setation of the endites of the maxillipeds' ischia, are missing in D. villosus (cf. Mayer et al., 2008) and indicate that G. roeselii is more specialized to grinding plant material and scrapping off adherent food.
The ability to use many sources of food is likely to be a reason for the success of many gammarideans like D. villosus and G. roeselii. However, the rapid spread and success of D. villosus may, besides differences in life history traits, reproductive potential, salinity tolerance, and behavior, be explained by the differences in feeding strategies of the two species mentioned above (Bruijs et al., 2001; Devin et al., 2003; Grabowski et al., 2007a; Kley et al., submitted; Mayer et al., 2008; Pöckl, 2007) . Due to its large body mass and size D. villosus can use a very broad spectrum of energy-rich animal food and therefore has also an advantage in intraguild predation (Dick et al., 2002; Krisp and Maier, 2005) . Furthermore, its capability to filter out and collect easy accessible suspended particles, which can be obtained while hiding under stones without the risk of becoming the prey of fish, seems to be a significant advantage over many other gammarideans in freshwaters like G. roeselii.
CONCLUSIONS
Our SEM study of the mouthparts of Gammarus roeselii in comparison with those of Dikerogammarus villosus demonstrates obvious morphological differences between the two freshwater amphipod species supporting our hypothesis that feeding differences should be well expressed also in structures involved in food acquisition and manipulation. Although both gammarideans studied here have tools to use a wide food spectrum, it seems that G. roeselii is more specialized in grinding plant material and scraping off algae, fungi, and animals adherent to substrates. The more carnivorous habit of D. villosus, reported in literature, may simply originate from its size and body mass.
